Abstract: Accurate acquisition of forest structural parameters, which is essential for the parameterization of forest growth models and understanding forest ecosystems, is also crucial for forest inventories and sustainable forest management. In this study, simultaneously acquired airborne full-waveform (FWF) LiDAR and hyperspectral data were used to predict forest structural parameters in subtropical forests of southeast China. The pulse amplitude and waveform shape of airborne FWF LiDAR data were calibrated using a physical process-driven and a voxel-based approach, respectively. Different suites of FWF LiDAR and hyperspectral metrics, i.e., point cloud (derived from LiDAR-waveforms) metrics (DPC), full-waveform (geometric and radiometric features) metrics (FW) and hyperspectral (original reflectance bands, vegetation indices and statistical indices) metrics (HS), were extracted and assessed using correlation analysis and principal component analysis (PCA). The selected metrics of DPC, FW and HS were used to fit regression models individually and in combination to predict diameter at breast height (DBH), Lorey's mean height (H L ), stem number (N), basal area (G), volume (V) and above ground biomass (AGB), and the capability of the predictive models and synergetic effects of metrics were assessed using leave-one-out cross validation. The results showed that: among the metrics selected from three groups divided by the PCA analysis, twelve DPC, eight FW and ten HS were highly correlated with the first and second principal component (r > 0.7); most of the metrics selected from DPC, FW and HS had weak relationships between each other (r < 0.7); the prediction of H L had a relatively higher accuracy (Adjusted-R 2 = 0.88, relative RMSE = 10.68%), followed by the prediction of AGB (Adjusted-R 2 = 0.84, relative RMSE = 15.14%), and the prediction of V had a relatively lower accuracy (Adjusted-R 2 = 0.81, relative RMSE = 16.37%); and the models including only DPC had the capability to predict forest structural parameters with relatively high accuracies (Adjusted-R 2 = 0.52-0.81, relative RMSE = 15.70-40.87%) whereas the usage of DPC and FW resulted in higher accuracies (Adjusted-R 2 = 0.62-0.87, relative RMSE = 11.01-31.30%). Moreover, the integration of DPC, FW and HS can further improve the accuracies of forest structural parameters prediction (Adjusted-R 2 = 0.68-0.88, relative RMSE = 10.68-28.67%).
Introduction
As the dominant terrestrial ecosystem on earth, forests occupy approximately 30% of the land surface area and contribute to 75% of land gross primary production [1, 2] . Subtropical forests have high diversity, dense carbon and complex structure, and cover approximately one quarter of China's Figure 1 . The overview of the workflow for prediction of forest structural parameters using simultaneously acquired airborne full-waveform LiDAR and hyperspectral data in subtropical forests.
Study Area
The nearly 1103 ha study area is located in the Yushan forest (120°42′9.4″ E, 31°40′4.1″ N), situated in the southern Jiangsu provinces, southeast China ( Figure 2 ). The annual mean temperature and precipitation are 15.6 °C and 1062.5 mm, respectively. The elevation of the Yushan forest ranges from 20 to 261 m above sea-level. The Yushan forest is north subtropical secondary forest and has three types of forests: coniferous tree species dominated, broadleaved tree species dominated and mixed tree species forests [59] . Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) and Masson pine (Pinus massoniana Lamb.) are the main coniferous tree species. Sweet gum (Liquidambar formosana Hance) and Sawtooth oak (Quercus acutissima Carruth.) are the major broadleaved tree species in the study area. 
The nearly 1103 ha study area is located in the Yushan forest (120 • 42 9.4" E, 31 • 40 4.1" N), situated in the southern Jiangsu provinces, southeast China ( Figure 2 ). The annual mean temperature and precipitation are 15.6 • C and 1062.5 mm, respectively. The elevation of the Yushan forest ranges from 20 to 261 m above sea-level. The Yushan forest is north subtropical secondary forest and has three types of forests: coniferous tree species dominated, broadleaved tree species dominated and mixed tree species forests [59] . Chinese fir (Cunninghamia lanceolata (Lamb.) Hook.) and Masson pine (Pinus massoniana Lamb.) are the main coniferous tree species. Sweet gum (Liquidambar formosana Hance) and Sawtooth oak (Quercus acutissima Carruth.) are the major broadleaved tree species in the study area. 
Field Data
Field surveys were conducted under leaf-on condition in June and August 2012 and August 2013. Guided by the pre-stratified stand inventory data in 2012, a total of 67 square (30 × 30 m 2 ) field plots were established. These plots covered multiple site indices, age classes and tree species, which can be classified into three types according to the composition of the tree species: (i) coniferous tree species forest (n = 15); (ii) broadleaved tree species forest (n = 18); and (iii) mixed tree species forest (n = 34).
The coordinates of the plot corners were acquired using Trimble GPS measurements with the result of sub-meter accuracy. All the live trees within each plot, which have a DBH > 5 cm were measured. The measurement of individual tree parameters can be seen in [41] . The dead wood and 
The coordinates of the plot corners were acquired using Trimble GPS measurements with the result of sub-meter accuracy. All the live trees within each plot, which have a DBH > 5 cm were measured. The measurement of individual tree parameters can be seen in [41] . The dead wood and small trees which has a DBH < 5 cm within the plot were also recorded, but excluded in the calculations of biomass and volume. The six plot-level forest structural parameters, including DBH, H L , N, G, V and AGB, were calculated using the measured individual tree data. Species-specific allometric equations and general volume equations of local or nearby provinces were used to calculate AGB and V, respectively (Tables A1 and A2) . Within each plot, the AGB and V of each individual tree were calculated according to the DBH and H measured in the field, and then summed to the plot-level AGB and V. Table 1 provides a summary of the six forest structural parameters at plot-level. 
Remote Sensing Data
In August 2013, the airborne full-waveform LiDAR and hyperspectral data were simultaneously obtained using the LiCHy System [60] . The platform was flown at the height of 900 m above ground and the datasets covered the whole Yushan Forest. Full-waveform LiDAR data were obtained using the Riegl LMS-Q680i scanner. The scanning angle was ±15 • from nadir, and the pulse repetition frequency was 360 kHz. The temporal sample spacing for recording returned waveforms was 1 ns (15 cm in distance approximately), and the size of the footprint at nadir was 0.45 m in diameter. In the overlapping regions, the pulse density was three times higher than a single strip. Hyperspectral data were acquired using an AISA Eagle II sensor with 64 bands and the spectral resolution was 3.3 nm. The sensor obtained hyperspectral images in the pattern of push-broom imaging and the spectrum ranges covered from 400 nm to 970 nm. The spatial and radiative resolution of the hyperspectral data were 0.6 m and 12 bit, respectively. The geometric accuracy of each pixel was less than one meter with an inertial measurement unit (IMU), which utilized real-time differential corrections by a 12-channel GPS receiver. Table 2 summarizes the characteristics of the full-waveform LiDAR and hyperspectral sensors. First, a de-noising algorithm and a Gaussian filter were applied to suppress and smooth the background noise of each returned waveform. The full width at half-maximum (FWHM) was used to calculate the kernel size of Gaussian filter [61] . Then, the locations and amplitudes of each peak within the waveform were extracted using a local maxima peak detection filter [62] . Finally, the returned waveform was decomposed using the Gaussian decomposed algorithm.
The LiDAR point clouds can be derived from the FWF LiDAR data using the Gaussian decomposed algorithm. Generally, the following equation can be used to decompose the backscattered waveform into Gaussian components:
where f (x) stands for the returned waveform, b represents the background noise, and n is the number of decomposed Gaussian components. The a i , t i and σ i are the parameters corresponding to pulse amplitude, time of round trip, and the pulse width, respectively [31] . Then, the Levenberg-Marquardt algorithm and a nonlinear least squares method were applied to fit multiple Gaussian components into the backscattered waveform. The LiDAR point clouds extracted from FWF LiDAR data were stored as the format of LAS 1.3 and used for analysis. In this study, the points in the ground and upper surface of the forest canopy were applied to create the digital terrain model (DTM) and digital surface model (DSM), respectively. The cell size of DTM and DSM was 0.6 m, the same as the resolution of the hyperspectral data. The value in each cell was calculated as the mean elevation of these points, and the cells which had no points were interpolated using neighboring cells by a linear interpolation approach. The value of the DTM was subtracted from each point elevation to calculate the normalized point cloud of whole study area.
The returned pulse width (W i Г , the standard deviation of pulse) and amplitude (I i Г , the integral of returned waveform, which represent the pulse energy) were derived from Gaussian components [63] . In this study, the pulse width (W i Г ) and amplitude (I i Г ) were calibrated using a physical process-driven approach [31] . The values of the pulse width (W e ) and amplitude (I e ) of the scanner emitted pulses were used to calibrate W i Г and I i Г , and the I i Г was corrected for the loss of signal using the distance between the sensor and the object (D i ) and the normalization distance of D o [30] :
where W i c and I i c is the calibrated pulse width and amplitude, respectively. The value of k which depended on the attenuation of signal occur in the atmosphere was set to 2 [30] , and the D o was set to 900 m (the mean height of the platform). It has been demonstrated in previous studies that the waveform is stretched by the increase in the off-nadir angle [64, 65] . Moreover, due to the obtained airborne FWF LiDAR data are normally comprised of multiple overlapping strips, the waveforms in a specific location may come from several strips [66, 67] . In this study, a voxel-based approach to composite waveforms was used to correct FWF data to avoid the influences of off-nadir angle in the waveform shape and to integrate non-vertical waveforms from multiple strips into composited vertical waveforms. This approach first decomposed the forest canopies into voxels by vertical space partition (0.6 × 0.6 × 0.3 m 3 ), and then synthesized raw waveforms from multiple strips into composite vertical waveforms using the maximum amplitude value in each voxel ( Figure 3 ). Each composite vertical waveform was normalized using the digital terrain model (DTM).
target objects obtained by ASD FieldSpec spectrometer, to get the surface reflectance of covers. In this study, the FWF LiDAR and hyperspectral data were integrated at feature level based on a common coordinate frame. The framework of integration usage of these two datasets can be seen in Figure 3 . In order to have the best possible geographical matches between the FWF LiDAR and hyperspectral data, the hyperspectral data were co-registered to the digital surface model (DSM) which calculated from FWF LiDAR data. In the area of each plot, more than 30 ground control points (GCPs) were used on the hyperspectral image (30 × 30 m 2 ). The root mean square error of co-registration was lower than 0.3 m (half of one pixel). 
Full-Waveform LiDAR Metrics

Point Cloud Metrics
The metrics derived from the height normalized LiDAR point cloud were applied to describe the canopy structure of the plots. In this study, the calculated point cloud metrics (DPC) were: (i) the selected height measures (n = 11); (ii) the Weibull parameters fitted to the profile of apparent foliage density (n = 2); and (iii) the crown volume zones (n = 4). A summary of the point cloud metrics and their descriptions is given in Table 3 .
To exclude the influences of below-canopy and non-canopy returns, the point cloud metrics such as percentile heights and canopy return densities were calculated using the points that were two meters above ground [68] . The parameters α and β of the Weibull curve were extracted from the profile of apparent foliage density as follows [22] : 
Hyperspectral Data Pre-Processing
The radiance hyperspectral images covering the whole Yushan forest were geometrically rectified with Global Navigation Satellite System (GNSS) and Inertial Navigation System (INS) data. Then, the geometric-rectified images were mosaicked into a single scene. Atmospheric correction was applied using an empirical line model, combined with field-measured reflectance spectra of different target objects obtained by ASD FieldSpec spectrometer, to get the surface reflectance of covers. In this study, the FWF LiDAR and hyperspectral data were integrated at feature level based on a common coordinate frame. The framework of integration usage of these two datasets can be seen in Figure 3 . In order to have the best possible geographical matches between the FWF LiDAR and hyperspectral data, the hyperspectral data were co-registered to the digital surface model (DSM) which calculated from FWF LiDAR data. In the area of each plot, more than 30 ground control points (GCPs) were used on the hyperspectral image (30 × 30 m 2 ). The root mean square error of co-registration was lower than 0.3 m (half of one pixel).
Full-Waveform LiDAR Metrics
Point Cloud Metrics
To exclude the influences of below-canopy and non-canopy returns, the point cloud metrics such as percentile heights and canopy return densities were calculated using the points that were two meters Remote Sens. 2018, 10, 1729 9 of 27 above ground [68] . The parameters α and β of the Weibull curve were extracted from the profile of apparent foliage density as follows [22] :
where α and β are the parameters of Weibull, z is the height and H is the maximum canopy height in a plot. The zones of crown volume model (i.e., O g , C g , E and O) were used to characterize the forest crown volume and spatial arrangement of the canopy materials in three-dimensions [69] . First, the forest canopy was decomposed into a matrix of voxels, the size of each voxel was 0.6 × 0.6 × 0.3 m 3 . Second, the voxels within the matrix were classified into "filled" if there was energy returned from the voxel and classified into "empty" if there was no energy returned from the voxel. Third, the "filled" voxels were classified as "euphotic" and "oligophotic" depending on whether the voxel was above or below the threshold height of the uppermost 65% for all "filled" voxels. Finally, the "empty" voxels were classified into "open" and "closed" gap zones depending on whether they were located above or below the filled voxels. Table 3 . The summary of the FWF LiDAR metrics (i.e., DPC and FW) extracted from FWF LiDAR data (the code and description of each metric are listed). The proportion of points above the height percentiles (10th, 30th, 50th, 70th and 90th).
FWF LiDAR Metrics Description
Coefficient of variation of heights (h cv )
Coefficient of variation of heights of all points. Canopy cover above 2 m (Cover)
Percentage of all points above 2 m. α and β parameter of Weibull distribution (i.e., W α and W β )
The α and β parameters of the Weibull distribution fitted to foliage density profile. Open and Closed gap zones of canopy volume models (CVM) (i.e., O g and C g )
The empty voxels located above and below the canopy respectively.
Euphotic and Oligophotic zones of CVM (i.e., E and O)
The voxels located within an uppermost percentile (65%) of all filled grid cells of that column, and voxels located below the point in the profile.
b Full-waveform metrics (FW) Height of median energy (HOME)
The distance from waveform centroid to the ground. Waveform distance (WD)
The distances from waveform beginning to the ground. Vertical distribution ratio (VDR)
The differences between the WD and the HOME, divided by WD.
Number of peaks (NP)
The number of detected peaks within each normalized composite waveform.
Roughness of outermost canopy (ROUGH)
The distance from the waveform beginning to the first peak.
Front slope angle (FS)
The vertical angles from waveform beginning to the first peak of canopy return energies.
Return waveform energy (RWE)
The total received energy, i.e., the area below the waveform between beginning and end.
Intensity of Gaussian component (Int)
Mean of the intensity of Gaussian components within one waveform. Full width at half maximum (FWHM) Full width at half maximum of one waveform.
Note: a These DPC were calculated using point cloud derived from FWF LiDAR data; b The FW were extracted from the waveforms which were pre-processed and calibrated. See text for details.
Full-Waveform Metrics
Full-waveform metrics (FW) provide three-dimensional forest structure information by extracting radiometric and geometric properties of recorded backscattered waveforms. In this study, 18 full-waveform metrics including the mean (µ) and standard deviation (σ) within each plot were extracted from composite waveforms (Figure 3) . First, the full-waveform metrics (Table 3) of each composite waveform were calculated; second, the mean and standard deviation of all the full-waveform metrics in each plot were calculated as the full-waveform metrics at plot-level. Table 3 gives the summary of these full-waveform metrics and descriptions.
Hyperspectral Metrics
The hyperspectral metrics (HS) are good indices in the prediction of forest structural properties, due to their ability to describe crown structures, which are related to vegetation pigments, physiology and stress, directly or indirectly. In this study, 112 hyperspectral metrics were derived from the preprocessed hyperspectral image, including: (i) reflectance values from AISA Eagle II channels; (ii) vegetation indices; (iii) first 10 components of the principal component transformation (PCT), independent components transformation (ICT) and minimum noise fraction transformation (MNF).
The spectral reflectance was strongly correlated with the structural properties (e.g., leaf area index, the amount of biomass and spatial arrangement of structures) of forests [70] . In this study, all channels in the domains of VIS, RE, and NIR were used. The mean values of 50 × 50 pixels within the plots were calculated from the reflectance of the entire 64 channels. The same procedure for calculation was followed to extract the other hyperspectral metrics (vegetation indices and first 10 components of PCT, ICT and MNF).
Hyperspectral vegetation indices, which rely on specific absorption features, are the most commonly used narrow band metrics. The vegetation indices calculated from the hyperspectral image have great advantages in predicting forest structural parameters [23, 49] . In this study, 18 vegetation indices were extracted and summarized in Table 4 . Table 4 . A summary of the vegetation indices with respective equations and references. Wavelengths chosen were the closest AISA wavelengths to the equations in the cited literature.
Vegetation Index Equation Reference
Simple ratio (SR) ρ801/ρ676
Red-edge vegetation stress index (RVSI)
The principal component analysis (PCA), minimum noise fraction analysis (MNF) and independent components analysis (ICA) are three algorithms which are commonly used to de-noise and extract primary information from hyperspectral images. We used these three approaches to calculate 192 components (64 components for each approach), out of which we used the first 10 of each approach for analysis, to explore whether there was a component that summarized the forest structural parameters-related channels to one value, and therefore, to ensure the models' conciseness [48, 86] .
Metrics Optimization and Regression Analysis
Previous studies have demonstrated that optimization of the candidate metrics can reduce irrelevant and redundant information and help create highly efficient, transferable and robust productive models. In this study, all of the FWF LiDAR and hyperspectral metrics were first optimized using correlation analysis. The 15 metrics, which had relatively high correlation with the forest structural parameters, were correspondingly selected from point cloud metrics (DPC), full-waveform metrics (FW) and hyperspectral metrics (HS). Then, the 45 metrics (15 point cloud, 15 full-waveform and 15 hyperspectral metrics) were analyzed using the biplot of PCA, which can be used to select the important metrics in the clusters [87] . The 12 point cloud, 8 full-waveform and 10 hyperspectral metrics which highly correlated with the first and second principal component (r > 0.7) and were selected from the three groups divided by the PCA. Finally, the five metrics that had the highest correlations with the first and second principal component in each group were selected as the best metrics to fit the combo models.
The backward stepwise regression approach was applied to relate FWF LiDAR and hyperspectral metrics to field-measured forest structural parameters. In the models, three predictor variables at the 5% significance level were selected. To ensure the metrics in the models had no serious collinearity, the models which had the condition number (k) < 30 were selected. Finally, according to the value of the Akaike information criterion (AIC), the best fitting models with the lowest AIC were selected.
In the study, three types of predictive models of DBH, H L , N, G, V and AGB were developed using DPC, FW, HS and an integration of two or three of these for the combo models. First, the DPC models (DPC based models) were fitted using 12 DPC alone to predict the six forest structural parameters; second, the FW models (DPC and FW based models) were fitted using the integration of 12 DPC and 8 FW to predict the six forest structural parameters; third, the combo models were fitted using the integration of the best metrics (each of the five metrics selected from PCA groups) to predict the six forest structural parameters. All of the models were assessed by adjusted coefficient of determination (Adj-R 2 ), Root-Mean-Square-Error (RMSE), and relative RMSE (rRMSE). The leave-one-out (LOO) cross validation was applied to assess the accuracy of prediction models and assess the synergetic effects of FWF LiDAR and hyperspectral metrics.
Results
Full-Waveform LiDAR and Hyperspectral Metrics Extraction
All of the metrics, including the point cloud metrics (n = 17), full-waveform metrics (n = 18) and hyperspectral metrics (n = 112) were extracted from the LiDAR point cloud (with height normalized), composite waveform and preprocessed hyperspectral image, respectively. Figure 4 shows the profiles of point cloud and apparent foliage (I), profiles of intensity of energy and composite waveform (II), and the spectral reflectance from 400 nm to 1000 nm (III). The profiles of apparent foliage and Weibull distribution appropriately describe the vertical distribution of point cloud. The peak of the Weibull distribution curve in broadleaved forest plot is relatively higher (height = 8.55 m), followed by the mixed forest plot (height = 6.34 m), and the peak of the Weibull distribution curve in coniferous plots is relatively lower (height = 5.41 m). The profiles of composite waveform truly describe the space distribution of energy, and the height of peaks of composite waveform are same as the height of energy concentration. The profiles of intensity of energy and composite waveform are similar to the profiles of point cloud and Weibull distribution, respectively. The spectral reflectance describes the biophysical and biochemical properties of the canopy. The spectral reflectance in the broadleaved forest plot is highest (mean = 0.06-0.52), followed by spectral reflectance in the coniferous forest plot (mean = 0.06-0.41), and spectral reflectance in the mixed forest plot is lowest (mean = 0.05-0.33). Figure 5 shows the projection of the first two PCA scores from the selected point cloud (n = 15), full-waveform (n = 15) and hyperspectral (n = 15) metrics. The first (PCA1) and second (PCA2) components of PCA account for 57.61% and 31.02% of the total variance, respectively. In the four Figure 5 shows the projection of the first two PCA scores from the selected point cloud (n = 15), full-waveform (n = 15) and hyperspectral (n = 15) metrics. The first (PCA1) and second (PCA2) components of PCA account for 57.61% and 31.02% of the total variance, respectively. In the four groups divided by PCA, 37 metrics in three groups were highly correlated with the PCA1 and PCA2. The 12 point cloud (h 25 , h 50 , h 75 , h 95 , d 1 , d 5 , d 9 , h cv , Cover, W α , E, O), 8 full-waveform (HOME µ , WD µ , VDR µ , NP µ , RWE µ , Int µ , HOME σ , WD σ ) and 10 hyperspectral (B45, B63, VOG1, NDVI, RVSI, EVI, ARVI, CRI1, PCA1, PCA2) metrics were correlated with the PCA1 and PCA2 higher than 0.7. Most of the point cloud and full-waveform metrics were in the opposite direction. Moreover, most of hyperspectral metrics and FWF LiDAR metrics (point cloud and full-waveform metrics) were orthonormal. Therefore, the FWF LiDAR metrics and hyperspectral metrics could be used as complementary metrics in forest structural parameters prediction. The five point cloud metrics (h50, h75, d1, E, O), five full-waveform metrics (HOMEμ, VDRμ, NPμ, RWEμ, and WDσ) and five hyperspectral metrics (NDVI, RVSI, ARVI, CRI1 and PCA2), which had the highest correlation with PCA1 and PCA2 in each group are shown in Figure 6 . According to the result of the correlation analysis, most of the metrics had weak relationships with each other (r < 0.7) (Figure 6 ). Therefore, the metrics in the combo models were non-collinear and the combo models were robust. The hyperspectral metrics of CRI1 and PCA2 had the weakest relationships with the other metrics. However, the metrics related to crown height were relatively strongly correlated with each other (h50, h75 and HOMEμ) and the waveform metric HOMEμ had a relatively strong positive correlation with the hyperspectral metrics of RVSI. The five point cloud metrics (h 50 , h 75 , d 1 , E, O), five full-waveform metrics (HOME µ , VDR µ , NP µ , RWE µ , and WD σ ) and five hyperspectral metrics (NDVI, RVSI, ARVI, CRI1 and PCA2), which had the highest correlation with PCA1 and PCA2 in each group are shown in Figure 6 . According to the result of the correlation analysis, most of the metrics had weak relationships with each other (r < 0.7) (Figure 6 ). Therefore, the metrics in the combo models were non-collinear and the combo models were robust. The hyperspectral metrics of CRI1 and PCA2 had the weakest relationships with the other metrics. However, the metrics related to crown height were relatively strongly correlated with each other (h 50 , h 75 and HOME µ ) and the waveform metric HOME µ had a relatively strong positive correlation with the hyperspectral metrics of RVSI. Tables 3 and 4 for the description of metrics.
Metrics Selection and Optimization
VDRμ
, NPμ, RWEμ, Intμ, HOMEσ, WDσ) and 10 hyperspectral (B45, B63, VOG1, NDVI, RVSI, EVI, ARVI, CRI1, PCA1, PCA2) metrics were correlated with the PCA1 and PCA2 higher than 0.7. Most of the point cloud and full-waveform metrics were in the opposite direction. Moreover, most of hyperspectral metrics and FWF LiDAR metrics (point cloud and full-waveform metrics) were orthonormal. Therefore, the FWF LiDAR metrics and hyperspectral metrics could be used as complementary metrics in forest structural parameters prediction.
Predictive Models with Point Cloud Derived Metrics
The DPC models obtained using point cloud derived metrics are summarized in Table 5 . The point cloud metrics performed well with models significant at p < 0.01. All of the forest structural parameters were well predicted, and the accuracies of the predictive models ranged from 0.52 (Adj-R 2 , rRMSE = 40.87%) to 0.81 (Adj-R 2 , rRMSE = 15.70%). The Lorey's mean height model had the highest accuracy (Adj-R 2 = 0.81, rRMSE = 15.70%), followed by the volume model (Adj-R 2 = 0.69, rRMSE = 25.76%), the above ground biomass model (Adj-R 2 = 0.68, rRMSE = 25.22%), the stem number model (Adj-R 2 = 0.63, rRMSE = 30.63%) and the DBH model (Adj-R 2 = 0.54, rRMSE = 37.02%). The basal area model had the lowest accuracy (Adj-R 2 = 0.52, rRMSE = 40.87%). Tables 1 and 3 for code of forest structural parameters and point cloud metrics, respectively. a Level of significance: ** p < 0.01. Tables 3 and 4 for the description of metrics.
The DPC models obtained using point cloud derived metrics are summarized in Table 5 . The point cloud metrics performed well with models significant at p < 0.01. All of the forest structural parameters were well predicted, and the accuracies of the predictive models ranged from 0.52 (Adj-R 2 , rRMSE = 40.87%) to 0.81 (Adj-R 2 , rRMSE = 15.70%). The Lorey's mean height model had the highest accuracy (Adj-R 2 = 0.81, rRMSE = 15.70%), followed by the volume model (Adj-R 2 = 0.69, rRMSE = 25.76%), the above ground biomass model (Adj-R 2 = 0.68, rRMSE = 25.22%), the stem number model (Adj-R 2 = 0.63, rRMSE = 30.63%) and the DBH model (Adj-R 2 = 0.54, rRMSE = 37.02%). The basal area model had the lowest accuracy (Adj-R 2 = 0.52, rRMSE = 40.87%). 
Predictive Models with Full-Waveform LiDAR Metrics
The FW models obtained using FWF LiDAR metrics are summarized in Table 6 . The FWF LiDAR metrics performed well with models significant at p < 0.01. All of the forest structural parameters were well predicted, and the accuracies of predictive models ranged from 0.62 (Adj-R 2 , rRMSE = 25.24%) to 0.87 (Adj-R 2 , rRMSE = 11.01%). The Lorey's mean height model had the highest accuracy (Adj-R 2 = 0.87, rRMSE = 11.01%), followed by the above ground biomass model (Adj-R 2 = 0.82, rRMSE = 15.41%), volume model (Adj-R 2 = 0.80, rRMSE = 17.32%), stem number model (Adj-R 2 = 0.70, rRMSE = 21.92%) and basal area model (Adj-R 2 = 0.64, rRMSE = 31.30%); the DBH model had the lowest accuracy (Adj-R 2 = 0.62, rRMSE = 25.24%). Compared with the models only using DPC, the improvement in models using DPC and FW were significant. The improvements in accuracy ranged from 0.06 to 0.14 (∆Adj-R 2 , ∆rRMSE = 4.69-11.78%). Tables 1 and 3 for code of forest structural parameters and FWF LiDAR metrics, respectively. a Level of significance: ** p < 0.01.
Predictive Models with Combined Full-Waveform LiDAR and Hyperspectral Metrics
The combo models obtained using integrated point cloud, full-waveform and hyperspectral derived metrics are summarized in Table 7 . The integration of point cloud, full-waveform and hyperspectral metrics performed well with models significant at p < 0.01. All of the forest structural parameters were well predicted, and the accuracies of the predictive models ranged from 0.68 (Adj-R 2 , rRMSE = 28.67%) to 0.88 (Adj-R 2 , rRMSE = 10.68%). The Lorey's mean height model had the highest accuracy (Adj-R 2 = 0.88, rRMSE = 10.68%), followed by the above ground biomass model (Adj-R 2 = 0.84, rRMSE = 15.14%), volume model (Adj-R 2 = 0.81, rRMSE = 16.37%), stem number model (Adj-R 2 = 0.72, rRMSE = 20.16%) and DBH model (Adj-R 2 = 0.69, rRMSE = 23.11%); the basal area model had the lowest accuracy (Adj-R 2 = 0.68, rRMSE = 28.67%). Compared with the models only using DPC, the models using integrated DPC, FW and HS significantly improved the accuracies of prediction. The improvements in accuracy ranged from 0.07 to 0.16 (∆Adj-R 2 , ∆rRMSE = 5.02-13.91%). Moreover, compared with the models using FWF LiDAR metrics, the models using integrated DPC, FW and HS slightly improved the accuracies of prediction. The improvements in accuracy ranged from 0.01 to 0.07 (∆Adj-R 2 , ∆rRMSE = 0.27-2.63%). Tables 1, 3 and 4 for code of forest structural parameters, FWF LiDAR metrics and hyperspectral metrics, respectively. a Level of significance: ** p < 0.01.
Assessment of the Predictive Models
Cross validation of the combo models demonstrated that the relationship between field surveyed and predicted forest structural parameters were close to the 1:1 line (Figure 7) . The mean differences between field surveyed and cross-validated models predicted forest structural parameters were not significant statistically ( Table 8 ). The Lorey's mean height model had the highest accuracy (CV-R 2 = 0.85, CV-rRMSE = 11.50%), followed by the above ground biomass (CV-R 2 = 0.80, CV-rRMSE = 17.82%), volume (CV-R 2 = 0.77, CV-rRMSE = 17.95%), stem number (CV-R 2 = 0.70, CV-rRMSE = 22.90%) and DBH (CV-R 2 = 0.65, CV-rRMSE = 23.80%); the basal area model had the lowest accuracy (CV-R 2 = 0.63, CV-rRMSE = 29.04%). This means that the point cloud, full-waveform and hyperspectral metrics had desirable synergetic effects in the prediction of forest structural parameters.
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Discussion
Synergetic Effects of the Full-Waveform LiDAR and Hyperspectral Data
In this study, the forest structural parameters in subtropical forests were predicted using simultaneously acquired airborne FWF LiDAR and hyperspectral data. The airborne LiDAR data turned out to be the most applicable remote sensing data in forest structural parameters prediction due to its ability to measure the three dimensional structures of forest canopy [16, 88] . The hyperspectral data recorded large amounts of continuous narrow bands from VIS to NIR which can provide continuous and detailed spectral signatures of forest biophysical attributes [89, 90] . Previous studies have demonstrated that the integration of these two complementary datasets can improve the prediction of forest structural parameters [52, 57] . It was also proved in this study, although the FWF LiDAR metrics (only DPC or the integration of DPC and FW) can predict forest structural parameters with relatively high accuracy (Adj-R 2 = 0.52-0.81, rRMSE = 15.70-40.87%; Adj-R 2 = 0.62-0.87, rRMSE = 11.01-31.30%), the integration of FWF LiDAR metrics and hyperspectral metrics performs better (Adj-R 2 = 0.68-0.88, rRMSE = 10.68-28.67%). Zhang et al. [91] predicted six forest structural parameters using only small footprint point cloud LiDAR data in 51 square plots (30 × 30 m 2 ) in the same study site of subtropical forest. Compared with the results in this study, less variabilities in forest structural parameters were explained (45-77%). Dalponte et al. [42] predicted stem diameter and volume using integrated small footprint point cloud LiDAR and hyperspectral data in 52 plots in a temperate forest. The results indicated that the improvements in the prediction of stem diameter and volume using integrated LiDAR and hyperspectral data were 0.4% and 0.5% (rRMSE), respectively. Luo et al. [57] predicted AGB using integrated airborne small footprint point cloud LiDAR and hyperspectral data in 33 plots in a northern temperate deciduous forest. It reported that 2.2% more of the variability in AGB was explained, and 7.9% less predicted error occurred by using integrated point cloud LiDAR and hyperspectral data. The improvement from using integrated point cloud LiDAR and hyperspectral data was slightly higher than this study. This may be caused by the complex structure of subtropical forest, which is multilayered and has greater variability in DBH and tree height, which reduce the ability of the hyperspectral data to predict forest structural parameters.
In the combo models, the five metrics selected from point cloud, full-waveform and hyperspectral metrics had improved synergetic effects for forest structural parameters prediction. Compared with the DPC based models and FWF LiDAR metrics models, the combo models of six forest structural parameters all performed better, explaining large amounts of variability in forest structural parameters (Table 7) . Moreover, in Figure 8 the residuals of the combo models were smaller than FWF LiDAR metrics models, and the residuals of DPC-based models were maximal. The distribution of residuals in the combo models were more convergent and the mean of residuals were closer to zero. Consequently, the combo models were more accurate and robust, which indicated that the integration of FWF LiDAR and hyperspectral data has great potential in the prediction of forest structural parameters in subtropical forest.
Implications of Predictive Models
The parametric regression modeling approach (i.e., backward stepwise regression), which is easy to transplant and can help to understand the relationships between metrics and forest structural parameters, was used to fit predictive models in this study. In Tables 5-7 , the final models fitted by backward stepwise regression approach are shown. In these tables, the forest structural parameter of H L had the highest accuracy, and this indicated that full-waveform LiDAR data has unique advantages in the prediction of tree height. Previous studies have demonstrated that the tree height predicted by LiDAR data was similar to field-based measurements [92] , and the forest structural parameters related to vegetation height were predicted accurately [93, 94] . In this study, it was also confirmed that the outcomes for volume and AGB had a relatively high accuracy.
The full-waveform LiDAR data can provide more information compared with point cloud LiDAR data. The full-waveform metrics, such as HOME and WD, were found to be sensitive to the vertical arrangement of canopy elements and canopy height [95, 96] . With the addition of full-waveform metrics, the improvement in the accuracy of predictive models was significant (Tables 5 and 6 ). In particular, for G, V and AGB, the improvement of rRMSE is over 10%. Although the hyperspectral data has limitations in quantifying the vertical structure of forest, the hyperspectral metrics (e.g., NDVI, CRI1 and RVSI, etc.) still have the capability to improve the accuracy of forest structural parameters prediction (∆rRMSE = 0.27-2.63%). This indicates that hyperspectral metrics have great potential in the prediction of forest structural parameters.
Availability of Full-Waveform LiDAR and Hyperspectral Metrics
Point cloud metrics are significantly related to the three-dimensional structural properties of forest canopy, which allow the prediction of the forest structural parameters. Five point cloud metrics, i.e., the 50th percentile height (h 50 ), 75th percentile height (h 75 ), 10th canopy return density (d 1 ), euphotic zones of CVM (E), and the oligophotic zones of CVM (O) were selected to fit the combo models (Table 7) . h 50 and h 75 were respectively defined as the heights above ground that are 50% and 75% of the LiDAR returns below the height. h 50 likely provides the height of the over-story and h 75 presents the spatial variability of the canopy height [25] . Thomas et al. [97] reported that the point cloud metrics of h 50 and h 75 were strongly related to mean dominated height, basal area, crown closure and AGB. Tsui et al. [25] found that h 50 and h 75 were the main metrics to explain the majority of the variation in AGB. In the combo models, the h 50 and h 75 were selected in the predictive models of AGB and H L, respectively, and the rRMSE of AGB and H L were 15.14% and 10.68%, respectively. The d 1 was the percentage of points above the 10th quantile to total quantity of points in the plot. This can be used to represent the structure of tree canopy. Previous studies have shown that the d 1 performed well in the prediction of mean dominated tree height and volume [18, 53] . In this study, d 1 was selected in the prediction of volume and the rRMSE was 16.37%. E and O were the metrics related to the light extinction in the tree canopy, and are thought to be a three-dimensional analog of cover [69] . They perform well in the prediction of forest structural parameters (e.g., DBH, height, basal area and biomass etc.) [98] . Here, the point cloud metrics of E and O were selected in the prediction of stem number and the predictive model of stem number performed well (rRMSE = 20.16%).
The returned waveforms of the laser system record the specific reflections within the footprint, and are influenced by the materials and vertical structures of canopy. The shape of the returned waveforms can be used to predict forest structural parameters appropriately [7, 33] . Sumnall et al. [34] extracted full-waveform metrics (amplitude and echo width variables) from full-waveform data and reported that the full-waveform metrics performed well in the prediction of forest structural parameters (the NRMSE values for the best fit models were in the range of 16-48%). In this study, five waveform metrics, i.e., mean of height of median energy (HOME µ ), mean of vertical distribution ratio (VDR µ ), mean of number of peaks (NP µ ), mean of returned waveform energy (RWE µ ), and the standard deviation of waveform distance (WD σ ), were selected to fit the combo models (Table 7) . HOME µ describes the arrangement of canopy materials in the vertical direction and VDR µ depicts the change of HOME µ relative to the height of canopy. These two metrics help to enhance the interpretation of intermediate tree canopies in the mid-story and suppress the trees in the understory. Therefore, the two full-waveform metrics potentially improved the prediction of forest structural parameters. In the combo models, HOME µ and VDR µ were selected to predict V, DBH and AGB, and the rRMSE were 16.37%, 23.11% and 15.14%, respectively. NP µ and RWE µ were the full-waveform metrics used to describe the number of peak and energy of composited waveform, respectively. NP µ and RWE µ were likely related to the arrangement and density of forest materials, which can be used to represent the forest structure. Thus, NP µ and RWE µ were selected in the combo predictive models of DBH and G, and the rRMSE were 23.11% and 28.67%, respectively. WD σ was the full-waveform metric defined as the standard deviation of distances of waveform, which is related to the variation of crown height to some extent. It potentially helped in the prediction of forest structure variables related to tree height. In this study, WD σ was selected in the combo prediction of H L and it performed well (rRMSE = 10.68%).
Previous studies have demonstrated that hyperspectral metrics have unique effects in the prediction of forest structural parameters. In this study, the integrated usage of FWF LiDAR and hyperspectral metrics improved the accuracies of forest structural parameters. Compared with the prediction using point cloud metrics only, the improvements in prediction were significant (∆Adj-R 2 = 0.07-0.16, ∆rRMSE = 5.02-13.91%). Compared with the prediction using point cloud and full-waveform metrics, the improvements in prediction were distinct (∆Adj-R 2 =0.01-0.07, ∆rRMSE = 0.27-2.63%). In this study, five hyperspectral metrics, i.e., normalized difference vegetation index (NDVI), red-edge vegetation stress index (RVSI), atmospherically resistant vegetation index (ARVI), carotenoid reflectance index 1 (CRI1) and the second component of PCA transformation (PCA2), were selected to fit the combo models (Table 7) . Many studies have indicated that the NDVI and ARVI are correlated with forest structures such as the leaf area index (LAI) and forest AGB [58, 99, 100] . Latifi et al. [23] reported that the ARVI was also correlated with mean height. Wang et al. [101] extracted NDVI and ARVI from hyperspectral data and reported that the biomass predictive models performed well using the two metrics (rRMSE = 13.9% and 15.8%). In the combo models, NDVI and ARVI were selected to predict H L , AGB and G, and the rRMSE was 10.68%, 15.14% and 28.67%, respectively. RVSI was the hyperspectral metric used to identify vegetation stress trends based on the spectral shifting of red-edge. CRI1 is a metric representing reflectance of carotenoid, which was directly correlated with the content of carotenoid. The RVSI and CRI1 potentially improved the prediction of forest structural parameters due to the profound influences of stress and photosynthetic pigments in the forest structure formation. The RVSI and CRI1 were selected in the combo models of N and DBH, and the rRMSE were 20.16% and 23.11%, respectively. PCA analysis was widely used to reduce the dimensions of the dataset. In general, the first several components contain the most of variance in the dataset. In this study, PCA2 contained much more variances of hyperspectral reflectance channels and might d perform well in the prediction of forest structural parameters. In the combo models, PCA2 was selected to predict V and the rRMSE of prediction was 16.37%.
The full-waveform LiDAR metrics (including point cloud and full-waveform metrics) have the ability to record the forest structure in detail. In Figure 4 , the vertical distribution of point cloud and pulse energy indicate the distribution of forest materials and the transmission of energy in the canopy. The hyperspectral metrics are associated with the biophysical and biochemical attributes of forest, which can be used to reflect the health conditions and growth stage of forest vegetation (e.g., Figure 4 (III)). Therefore, the full-waveform LiDAR metrics, hyperspectral metrics and the forest structural parameters predicted in this study can be used to assess the structural, compositional and functional properties of forest ecosystems. Moreover, the forest nutritional status, wildlife habitat, and ecosystem service value can also be evaluated using the full-waveform LiDAR and hyperspectral data.
Potential Improvements and Indications for Future Research
This study combined full-waveform LiDAR and hyperspectral data in the feature level, and the addition of hyperspectral metrics in full-waveform LiDAR metrics improved the accuracy of forest structural parameters. In the future, more advanced approaches associated with physical theory or the mechanisms of sensors will be used to explore the better integration of full-waveform LiDAR and hyperspectral data. Moreover, the non-parametric modeling approach can be used to enhance the capability of prediction of forest structural parameters in subtropical forests.
Conclusions
Simultaneously acquired airborne full-waveform (FWF) LiDAR and hyperspectral data were used to predict forest structural parameters in subtropical forests of southeast China. The pulse amplitude and waveform shape of airborne full-waveform LiDAR data (FWF) were calibrated using a physical process-driven and a voxel-based approach, respectively. Different suites of LiDAR and hyperspectral metrics were calculated and selected using correlation analysis and principal component analysis (PCA). The selected point cloud, full-waveform and hyperspectral metrics were used to fit regression models individually and in integration to predict six forest structural parameters, and the capability of predictive models and synergetic effects of metrics were assessed using leave-one-out cross validation. The results showed that: most of the metrics selected from three groups divided by the PCA analysis, which were highly correlated with the first and second principal component, had a weak relationship with each other (r < 0.7); the prediction of H L using the metrics of h 75 , WD σ and NDVI had a relatively higher accuracy (Adjusted-R 2 = 0.88, relative RMSE = 10.68%) than the other forest structural parameters; and the usage of DPC and FW resulted in higher accuracies (Adjusted-R 2 = 0.62-0.87, relative RMSE = 11.01-31.30%) than the models only including DPC (Adjusted-R 2 = 0.52-0.81, relative RMSE = 15.70-40.87%). Moreover, the integration of DPC, FW and HS had a positive synergetic effect for forest structural parameters prediction (Adjusted-R 2 = 0.68-0.88, relative RMSE = 10.68-28.67%).
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